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FORWARD

The "Workchop on Problems of Rotating Liquids" was held at the
Army High Performance Computing Resear~h Center (AHPCRC) in
Minneapolis, MN on 22-23 April 1991. The two day meeting was
co-sponsored by Professor Daniel Joseph, University of Minnesota
and Miles Miller, U.S. Army Chemical Research, Development and
Engineering Center (CRDEC). Dr. Joseph is engaged in fluid
dynamic research under an Army Research Office (ARQO) contract
and Mr. Miller is the Scientific Coordinator tor the Fluid
Dynamics Area of the CRDEC Basic Rcsearch Program.

The "Workshop" primarily dealt with the subject of liquid-filled
projcctile Zlighi I.sitabilities. The meeting location was
selected to reflect the critical use of Computational Fluid
Dynamics (CFD) and high performance computers in support of

this technology area and was the first "Workshop" hosted by

the AHPCRC. Those invited to attend had all contributed to

the technical aspects of this topic. The list of attendees

is contained on page 337.

The two general goals of the "Workshop" were to:

* tielp resolve an important problem in the
nation's interest.

*  Move the general subject of fluid dynamics
forward.

More specific objectives of the "Workshop" were to assess the
progress made in this technology and recommend research

activities to address particular needs.

The "Workshop" agenda is shown on pages 339 and 340. The first
day was devoted to overviews, tours, and special presentations.
The second day's activities were concerned with various "work
in progress" sponsored cr performed by either the U.S. Army
Ballistic Research Laboratory (BRL}) or the CRDEC. The papers
presented by individuals from the Ohio State University
represent work performed under a research contract funded by
the CRDEC. These proceedings contain copies of the viewgraphs
shown by each presenter.

The last time a special meeting on this subject was held was
at the "Roundtable On Liquid-Filled Shell"” held in September of
1984. That meeting had charted the course of study in this



arca for the past seven years and it seemed timely that we
should reassess our progress at this point. During the
"Wrap~-Up" session of the "Workshop", the recommendations of the
previous "Roundtable" were reviewed by the attendees and an
updated list of new topics and future directions for research
in this area was formulated. These results are summarized in

the last section of these proceedings.




PREFACE

The Workshop on Problems of Rotating Liquids was held
22=-23 April 1961 at the U.S. Army High Performance Computing
Research Center (AHPCRC), Minneapolis, MN, and was authorized
under Project No. FI-1-1Z1RA-NMCL.

The use of trade names or manufacturers' names in this
report does not constitute an official endorsement of any commercial
projucts. This report may not be cited for purposes of
advertisement.

Reproduction of this document in whole or in part is
prohitited except with permission of the Commander, ".S. Army
Chemical Research, Developmert and Engineering Center,

ATTN: SMCCR-SPS-T, Aberdeen Proving Ground, MD 21010-5423.
However, the Defense Technical Information Center and the National
Technical Information Service are authorized to reproduce the
docnment for U.S. Government purposes,

Thi: report has been approved for release to the public.
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OVERVIEW OF CRDEC RESEARCH PROGRAM
FOR LIQUID-FILLED PROJECTILES

In the short time I have this morning, I want to indicate
the reasons why the CRDEC was interested in holding this
workshop: what our main technical interests are; and provide
a brief review of the background, current efforts, and
future directions in this area.

The main area of "Rotating Liquids" of interest to the CRDEC
has to do with the flight stability of liquid-filled
projectiles. The CRDEC is the development agency for
chemical weapons which include antipersonnel, antimateriel,
flame & incendiary and smoke & obscurants. Most of these
weapons involve spinning projectiles which contain liquid or
non-rigid payloads. This would include artillery shells,
mortars, grenades, small arms, missiles, etc.

At the previous "Roundtable on Liquid-Filled Projectiles",
held in September 1984, a relatively detailed history cof
this technology was presented. For the benefit of those of
you who are new to this topic, I would like to briefly
review certain highlights.

This viewgraph depicts a historical perspective of the
significant events in this area. While the CRDEC has been
interested in this problem since World War I, until the late
1970's, their effort was limited primarily to experimental
studies in direct support of developmental munitions. The
bulk of the scientific research was accomplished by the BRL.
The Stewartson-Wedemeyer Theory appeared to adequately
address the liquid-fills of interest at that time.
Consequently, the BRL effort concentrated on experimental
activities such as free gyroscope and yaw sonde
investigations.

The research activities at the CRDEC started in 1977 as a
consequence of a flight stability problem with XM761; a
155mm, artillery projectile which had a partial
solid/partial liquid payload composition. The result of
this effort was the evolution of the Test Fixture For
Non-Rigid Paylocads. This experimental apparatus forces a
full sized payload container to assume the simultaneous
spinning and coning motion of a projectile in flight. The
test fixture was used to eliminate the XM761 problem
culminating in the M825 projectile. It was subsequently
employed to discover and characterize the destabilizing
influence of highly viscous liquid-fills.
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The real beginnings of the CRDEC research effart took place
in 1982 with the establishment of the Fluid Dynamics Work
Area of the CRDEC Basic Research Program. At the same time,
the Laboratory Test Fixture For Non-Rigid Payloads was
extensively modified to increase its performance, automate
the data acquiszition and reduction, and facilitate
experimental operations. It is currently being employed for
basic research studies as well as for various developmental
munition programs. Examples ¢f both uses will be presented
as part of the "Work In Progress'" portion of this meeting.

The significant point of this viewgraph is the extensive
amount of work put into this technical area by the army
during the last ten years and the complimentary efforts of
the many different individuals and organizations invclved.
Their combined efforts have caused the technology associated

with this problem to progress considerably as illustrated in
the next viewgraphs.

The destabilizing moment produced by a Liquid-fill in a
spinning and coning cylinder can be depicted as a function
of the fluid characteristics (i.e., Reynolds rumber) and the
projectile motion (i.e., non-dimensional coning rate),
Fifteen years agco, the theory, and in fact the knowledge. of
liquid-filled projectiles was limited to very low viscosity
liquid-fills. These could be predicted quite nicely by the
Stewartson-Wedemeyer Theory. Ten vears ago, we were awvare,
through lakoratory experiments, c¢f a2 ncw form of instability
at the higher viscosities, but had no predictive theory.
Within the last decade, we have develcped theoretical
methods to handle the entire range of liquid viscosities.
Murphy has extended the Stewartson-Wedemeyer theory for the
high Reynolds numbers and computerized its use. Hall,
Sedney and Gerber and Herbert and Li have both developed
theoretical methods which cover the lcw Reynolds number
range. The general capabilities of the various analytical
methods are summarized in the next viewgraph.

The CRDEC Basic Research Program has followed a three
pronged approach as illustrated in this viewgraph. The
theoretical and numerical studies are completed under
research contracts through academic institutions with the
CRDEC performing primarily experimental investigations using
their Laboratory Test Fixture for Non-Rigid Payloads. The
following series of viewgraphs summarizes the significant
accomplishments achieved through the CRDEC sponsored
program. The next viewgraphs list the publications related
to this area which were sponsored by the CRDEC. This work
has been complimented by research at the BRL and various ARO
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funded research. CRDEC and BRL personnel meet every two
months to review their respective activities.

The CRDEC effort has concentrated on, but not been limited
to, highly viscous liquids. The goal has been to
understand, predict and prevent flight instabilities due to
any ligquid-fill. A comprehensive summary of papers on the
year's research findings are presented each year at the
CRDEC Scientific Conference on Chemical Defense Research. A
review of the Fluid dynamics progress is held for the AR~
each spring at the CRDEC. The following is an abbreviated
version of this year's CRDEC/ARO review which took place in
early April 1991.

The overall objective of the Fluid Dynamics Work Area of the
CRDEC Basic Research Program is shown in this viewgraph.
While the area of antipersonnel, chemical munitions has been
reduced, it has been replaced with the other areas as shown.
While efforts still continue to understand and predict
flight instabilities, the current emphasis is on determining
ways to reduce or eliminate them.

The Fluid Dynamics Area involves two areas of emphasis:
Fluid-Filled Projectile Flight Instabilities and Fluid
Rheology. The latter tcpic is important not only for this
area, but for other CRDEC programs as wel). The
Fluid-Filled Projectile work receives the major portion of
the funding for the reasons shown in this viewgraph: problem
unique to CRDEC; CRDEC possesses special experimental
facilities; and new chemical munition fills must be
addressed. As indicated in this viewgraph, the CRDEC
in-house effort deals mainly with experimental studies which

support theoretical studies performed under contract by
universities

This viewgraph contains selected accomplishments during FY21
in the theoretical/numerical area achieved by Dr. Herbert,
Dr. Li and Mr. Selmi, researchers at the Ohio State
University under a CRDEC research contract. The next two
viewgraphs highlight the computer graphics techniques and
the two, immiscible fluid analysis being pursued. 1In
particular, the two fluid analysis includes the case of very
small amounts of the lower viscosity fluid which is the
basis for the additive approach to reducing the
destabilizing moment due to the higher viscosity fluid.

FY91 experimental accomplishments at the CRDEC are
summarized in the next viewgraph. Tie next three viewgraphs
include additional details for these items. Detailed
studies were conducted on the CRDEC test fi.:ture to assess




the effect of relative viscosity, density and amount of

additive. These data can be compared with the theoretical

results shown previously. Test Fixture experiments showed
: that the paylocad container inner surface roughness has no
' influence on the flight stability. The CRDEC Test Fixture
was used to evaluate an artillery proiectile containing a
viscoelastic fill for a special Operation Desert Storm
application. The ability to measure the despin moment due
to an arbitrary non-rigid payload on the Test Fixture and
then to compute the associated destabilizing yawing moment,
with confidence, was established through the basic research
program on liquid-filled projectiles.

‘ Additional accomplishments are listed in the next viewgraph
followed by four viewgraphs illustrating the basic results
of the instrumented flight test program. Tnese illustrate
that the partial-fill condition produces the same
instability as the fully-filled condition; the shear
thinning, viscoelastic fill provides a stable flight; and
the immiscible, low viscosity additive does eliminate flight
instabilities, but transient effects must be considered.

The classic "Epicyclic Theory" of projectile motion has been
modified to include the effects of a liquid~fill; indicating
the combination of the internal payload and external

aercdynamic effects on the projectile flight flight
stability.

Future Directions in this CRDEC research area are shown in
the next viewgraph. Work will continue to assess the use of
immiscible, low viscosity additives to reduce or eliminate
viscous, liquid-fill flight instabilities, especially
considering launch transient effects. The potential use of
longitudinal baffles as a means of eliminating flight
instabilities will also be evaluated. Previous Test Fixture
data, depicted in the next viewgraph, indicate that they may
be effective under certain conditions. Two, three and four
section baffles will be investigated on the Laboratory Test
Fixture for Non-Rigid Payioads. The influence of
viscoelastic effects on creating very large despins at
relatively low spin rates as shown in this viewgraph will

also be studied. Other non-Newtonian fluids will also be
investigated.
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1977

1978

1979

1981

1982

1983

1983

SIGNIFICANT ACCOMPLISHMENTS OF CRDEC
RESEARCH IN LIQUID-FILLED PROJECTILES

CRDEC Laboratory Test Fixture built and used to solve liquid-
£i111 flight stability problem of developmental smoke projectile.

Discovery of new type of flight instabilty created by highly
viscous liquid-fills from laboratory fixture experiments at
the CRDEC.

Extensive experimental investigation of viscous liquid-fills
using CRDEC test fixture.

Flow visualization studies conducted for internal flow inside
spinning/coning cylinder using CRDEC test fixture.

Fluid Dynamics Work Area established in CRDEC Basic Research
Progranm.

Direct laboratory measurement of the destzbilizing yawing
moment due to a highly viscous liquid-fill using the CRDEC
test fixture.

Computational Fluid Dynamic (CFD) analysis of the viscous

liquid-fill situation by Sandia Laboratories supported by
the CRDEC.

"Roundtable on Liquid-Filled Shell" co-sponsored by CRDEC.

Theoretical analysis of viscous liquid~fill problem by Herbert
(VPI) including use of volume integral to compute liquid-
induced moments supported by the CRDEC.

Six Degree-of-Freedom flight motion/trajectory program for
liquid-filled projectiles evolved by Sandia Laboratories
supported by the CRDEC.

Finite element CFD analysis completed for viscous liquid-fill

problem by Rosenblat (Fluid Dynamics International) supported by
the CRDEC.

Development of general relationship between liquid rolling and
liquid yawing moments by Rosenblat supported by the CRDEC.

Formualtion of a three-dimensional graph to depict the
entire liquid-filled projactile flight stability problem
by CRDEC researchers.




1986

1986

1986

1987

1987

1988

1989

1989

1990

1990

1993

1991

1991

CFD analysis conducted for viscoealstic fluid-filled
projectile by Rosenblat supported by the CRDEC.

Laboratory measurement of the influence of a viscoelastic
fluid-£fill in creating projectile flight instabilities using
the CRDEC test fixture.

Formulation of the theoretical relationship between the
liquid-£ill induced rolling and yawing moments by Rosenblat
supported by the CRDEC.

Detailed experiments to validate the linear and generalized
liquid moment coeffients using the CRDEC test fixture.

Fully spectral CFD code developed by Herbert (Ohio State
Uriv) for viscous liquid-fill probler supported by the CRDEC.

Purely analytical method developed to compute liquid-fill
moments at any Reynolds number by Herbert and Li supported
by the CRDEC.

Taboratory measurements of the effect of partial-fill case
with a viscous liquid-fill using the CRDEC test fixture.

Laboratory demonstration of the use of an immiscible, low
viscosity additive to eliminate viscous liquid-fill flighc
instabilities. Concept evolved in collaboration with Joseph
(University of Minnesota).

Experimental evaiuation of effect of internal surface texture
of payload container on creation of viscous liquid-fill,
flight instabilities.

Detailed experimental evaluation performed on influence of
various immiscible, low viscosity additives using CRDEC test
fixture.

Theoretical analysis com3leted to predict effect of two
immiscible fluids covering entire range of viscosity, density
and relative volumes by Selmi (Ohio State Univ) supported

by CRDEC.

Instrumented flight tests conducted to validate viscoelastic
fluid, partial-fill case, and immiscible additives.

Enhanced computer graphic techniques evolved to facilitate

visualization and intrpretat : of internal fluid dynamics
of spinning/coning cyinder b, derbert supported by CRDEC.
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CRDEC BASIC RESEARCH
IN FLUID DYNAMICS

OBJECTIVE

CONDUCT EXPERIMENTAL AND THEORETICAL .
INVESTIGATIONS CF PHYSICAL PROPERTIES, DYNAMIC
CHARACTERSTICS, AND NEW PHENOMENA RELATED TO

THE DELIVERY OF CHEMICAL PAYLOADS ASSOCIATED )
WITH ANTIMATERIEL, SMOKE & OBSCURATION AND

FLAME & INCENDIARY APPLICATIONS.

METHODOLOGY

* UNDERSTAND PHYSICS OF EFFECT
* ESTABLISH PREDICTIVE CAPABILITY
* DETERMINE MEANS TO CONTROL EFFECT




FLUID DYWAMICS

TASK OBJECTIVE
Fluid-Filled Perform experimental and
Projectile Flight theoretical studies to under-
Ingtabllities stand, predict and control flight

instabilities of liquid-filled
projectiles for chemical
munitions.

Fluid Rheology Perform experimental and
theoretical studies to
establish Improved techniques for
techniques for determining
rheological properties and
dynamic behavior of chemical
compositions.
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FLUID DYNAMICS
(FY91 ACCOMPLISHMENTS)

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES

* Theoretical: {CRDEC research contract with The Ohio State
' University)

* Devaloped advanced computer graphics techniques to
lliustrate, interpret and validate internal flow -
includes still and animated displays (Anatomy of
Liquid-Filled Projectiles).

* Analysis performed for two immiscible flulds with large
differences Iin viscosity with the lower viscosity
fluid present in small amounts.

* Evaluated effects of transient conditions on creation

of liquid-fill Induced flight instabilities and compared
wiih experimental results.
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FLUID DYNAMICS
(FY91 ACCOMPLISHMENTS)

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES
| * Experimental: (Research studies at the CRDEC)

! * Conducted experimental Investigations using CRDEC
| Laboratory Test Fixture For Non-Rigid Payloads:

* Effect of two immiscible fluids with large differences
in viscosity on reduction of viscous liquid-fill flight
instabllities. (Concept evolved in collaboration with
Dr. D. Joseph, University of Minnesota.)

* Effect of internal surface roughness of payload
compartment on creation of viscous liquid-fill flight
Instability.

* Operation Desert Shield program to rapidly field
artillery projectile having special liquid-fill
similar to those investigated previously under the
CRDEC Basic Research Program.
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FLUID DYNAMICS
(FYs1 ACCOMPLISHMENTS) continued

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES

* Completed Instrumented flight tests of artlilery
projectiles to validate experimental/theoretical
results of partial fill, viscoelastic fill and
Iimmiscible, low viscosity additives.

* Modified Epicyclic Theory to include effect of viscous
liquid-fill to predict flight stability using either
theoretical or experimental data.

* Co-sponsored "Workplace on Problems of Rotating Liquids®
at the Army High Performance Computing Research Center."

39




PZCCL-4 LE1-COLO-TECOY

punoJ9 Bulaoid AemBng :NOILVYIO1
iepel pue sepuoS meA NOILYINIWNHISNI
med paonpul yum (dluosuell) ¢ auoz :SNOILIONOD ONIHIA

(ind %09)
ojqejsun OUON SO X001 r4
(91189;9098(A)

9|qels 9UON SO MOOo! <

o|qe}s JOBM %S SO OE 7

e|gesun dUON ST Mo€E c

s|qe)s 19 %S SO MOt <

a|qeysun 9UON SO MOl r4 2

viqels J9JeM %S SO 001 '4

e|qeysun SUON S MO0l A
S1TNS3H a3121a3Hd 3AILIAAY  TU3-AINDIT  SANNOY #
-S{1y

Buimolio} ayy Buirey sejndafold Kiejiuy WWGEG) :SWIL! 1S3L

salijoalosd Aiejue peojjj-pinby jo s3say Jybiys
ybnouyy sjinsas Aiojeloqe| pue |eo138109y] WIU0d 01 :JAILD3Irg0

S1531 1H9IT4 QIINIWNILSNI




(> %bos) soyoor 7Y 007

§(8pUOdeG) Bwv] $[SPLOIAg) aw~|
o' 0°0% 0°st 0°0¢ o..n 002 o.m_ 0ot oS 00 ) ) 0ot e oo 0°'61 0°0t 0's 0°U
_ o
— 1
|

L

00

[&]

<
g v
4 7
;“ b — ._ Mﬁ... .I._
| _ I
| A | s
] _[ _ ' _ ! * w .
EEEEE S EEEEEaG
. ! _ [a] I3
o | L -
R R 1B ——
| At _ <
| | | _ ﬂ )
| I S S i3 SN S S B S S SR SO,
[N s _ 'y ’ } - L . | - ) § | I . i 1 1 M N r.\:
| o E T | i
_ _ _ 12 ! ‘ ] r i
h ) .- N - -
| A ”
S ey
Tn..:.w ) ! n)”.v
1 ] \ N -
Mg o = N
—_ Al © Lo
! _ e TS
| | r .N ..u-
| B —- O
_ _ ° L
_ U, -|.hw. _ ol .... ". e : “ S e _
_ _ _:_ m 1 | i Lo
. I _; i AT = ! | ! M “_ ;
1 - 2 L. PO S NN SR .

AT IO 7
D7 WL FOLOTST T




A
- —~
DL IITFOISIA S0 YOO S9 Y oors
§(Spuodeg) Awn] T(SPULUIdg ] AN ]
'S 00 0SE 00C 02 90 CSt 0O os 0o Sh0G 0s 0W R 02 oSt 00l 05 00
— S S R R R R B S -
. ! . . | _ ~
_ _ _ | ! ! ) ! ! ! _ ! .
_ —_—t— —i e —t—- - — 7 —r— ¥
m ! m _ ! ° . . : ! “ ! _ Lo
o o i o
! _ .:1. i ) i
S e w it Sn et b
) ! - .
| l

-
|

. | ) . ,
; . ! ” |
) | _ : .

-1
!
|
P ~——p—— -y———'--—-—L—r——-—-‘.- '*P,‘#—--'v" R o
! 0S¢ 05 ' ’
;. 309/!\68
!

_

]

| ; . _
R S S B S SR
(S ]

0'09- S&!

- $ m t _. _ o | Tt Te
' | _ i _ 4 [
- Sl = et
| _;;_m: A |
N . i } | ! 4
wln\.l/ - u[j‘l.n— Nmb - 3% .n)” .- '.l. i A\ A . m :
m.J_o _ *..‘ t _ _) .]0
e Lt i o el
3 i o o ' -
: S e i
1 () * | | .
...N “ \ ' 1 \ _
-

wm | _ o -ll.lll..m!,li--.l.l. H 1 _ —_tiT

NWAEFT W yIN
K LIPASETROINN SO AT

42



ALV /Y ST

$(spuodeg) swn]

S o/

H_ SPU0DEG ) HE

sZi
43

0°0v- ) 0'09-

0 m-

00

.m- 00 mn o.ﬂ [ )= o...n 0°s1 001 0's 00 mn u..a.h o.mn n.m_ (W]
| b _ o
_ _ _ |
| L ] | ~
- b A -
W I 3 R A
! | _ | ) _ : ! _ m w
A T 3 A A B
| - % ]
L .un/: — B N
] % | ]
: — -
Fen.lu_ m |l|uuﬂlllll!llﬂwm “ \ﬂ _
A . b
| o S
L L i ﬁm_.n SRR R N S SN I S
m ! g .
m t 5
| “ | D
" ] _ l_r .ws w ! h
! i °o
_>>>l>\vr_ mN I
" as i ! g
.mq. -
4 ! ‘
- r
: I n
! ! i w r
-4 S S S TR _l||h
AV r YA OFIPe/y T
HARLIOTE N LIFFASF
- L J

g1 bap: N-owbag

0oz

00

09



P

DA/ LTI

SO NS

g(spuoseg) eun]

00 0° st 1 ¢ oSz one G st [}
b 4

'

“
P ¥ or

{ePUODRG] Bw ]

T

0 o's oa Sh 00 0°st 00t 052 00z 0°St oe os 00
i S . T T
m i .
| : RN -
i o | '
° | i
)
“w
80
.00 L0 B
. |
Fo- _ _
a : \
< i
X3 | | | :
N A
I e _ | _ .
B oL
.l- - ||.4<||||||.f
o | _ [ “
I
5 _ _ I |

JIGh

FAILITTS I AOFITT

HINAVT Al OFIATANL

44



FLUID DYNAMICS
FUTURE DIRECTIONS

* Continue to investigate methods to reduce or eliminate
viscous llquid-fill flight instabilities.

- Immiscible, low viscosity additives.
- Longitudinal baffles.

* Evaluate effect of non-cylindrical and eccentrically
located payload compartments on producing liquid-filled
fiight instabilities.

* Study neutrally buoyant, second body phenomenon related
to flight stabllity.

* Conslder flight stablility effects of novel fluid-fills
including slurries, powders, viscoelastic fluids, etc.

* Exploit unusual behavior of novel fluids to increase
control of flight vehicles and other fiuid dynamic
devices.
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AREAS OF CONCERN IDENTIFIED AT ROUNDTABLE
ON LIQUID-FILLED SHELL, 20-21 SEPT 1984
(not prioritized)
Effect of:
Changes in internal geometry (damp out inertial modes).
Interaction of internal flow conditions with external aerodynamics.
Unconventional internal geometry and configurations.
Partial solid/Partial liquid payloads including porous media.
Non-Newtonian fluids.
Spin-up and cone-up (Transient behavior of fluid and shell's response).
Mixing of several fluids.
Chemical Reactions in Multi-component fluid systems.
Linear vs non-linear analysis.

Thermal effects.

Understand and Predict:

Hydrodynamic and aerodynamic stability and their coupling.

Theoretical basis of bias due to frequency.

Sensitivity of shell's response to cavity aspect ratio.
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work To Do/Gaps:

Experimental (Laboratry):

Partiallv-filled container.

Verification of Whiting's experimental results at low angles.
Pressures at low Reynolds numbers.

Velocities.

Despin and yaw moments at ail Reynolds numbers.

Experimental (Flight Test):
Yaw Sonde for different Reynolds numbers.

Identify capabilities and limitations of current facilities.

Analysis:
Establish systematic approach for all general fluids.

Exploit all methods: linear, perturbation, asymptotic, energy
finite difference and finite element.

Examine bifurcation parameters.
Analyze spin-up using "matched asympototoc expansions.

Analyze conditions for Stewartson instability due to coning match.

Computations:
Eigenfrequencies for partial-fill.
CRAY II for coupling of aerodynamics and fluid dynamics.

Finite difference and finite element with adaptive grids.

Comparisons:

Analysis with computations.

Analysis with experiments.

Develop standardized units and parameters.
Determine ranges of parameters of interest to Army.
Large angle (90 degree) coning experiments.
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Future Directions -
Liquid-Fillea Projyectiles

Exper 1mental:

Non-cylindrical containers (all viscosities).

Longitudinal baffles to eliminate flight

instabilities
of viscous liquid-fills.

Immiscible, low viscosity addit:ve to eliminate fl.ght
instabtlites of viscous fills (transient effects).

Effects of non-Newton:ian fluids.

Theoretical:

Purely theoretical method that can handle all

vigcosities
(one stop approach).

viscoelastic fluids.

Computational:
Launch transient effects.

Ligquid-Fi1lled Projectile Design Handbook.
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Analysis and Visualization
of the Flow in a |
Spinning and Nutating Cylinder

Thorwald Herbert
Rihua Li
Mohamed Selmi

Department of Mechanical Engineering
The Ohio State University

Supported by
CSL - CRDC - CRDEC

Additional support by
AFOSR, NSF & OSC (Cray YMP/864)

Workshop on Problems of Rotating Fluids
AHPCRC Minneapolis, Minnesota
April 22-23, 1991
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Outline

Introduction - History

Analytical Studies

3D Spectral Navier-Stokes Solver
Eigenfunction Expansions
Computation of the Moments
Fiight Simulations

Extensions (Li, Selmi)
Experimental Flow Visualization
Computer Visualization

Summary
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D MENSIONAL ANALYS'S

parameters :
la vadius o {length?
c length/2
lew spin rate {himed

22 nutation vate
@ nutation angle

e density {mass)
2 ViSCOoS H-g,
T-4heorem :

7-3:4 dimensionless groups

A= % aspect ratio -» " |
Ta % $requency

¢ = S\nb

! X
Re = 3_;‘.":...9.' Reanolds number

!
W= oz0+*Ncosd ?

]
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(VD) Use Navier-Stolees e;ﬂum\-:ons

spin
axis

wthe " hutating" system ¢pn)

9,2 in x2-plane

nutation
axis

Figure 1
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(2) Intvrooluce non-dimensional
qua.hHHc.s

(B Split ¥n2Ye*Ya , Pna®Pe*Pa
Ys sPs: Selid booly votation
Yd,pd: deviation

(4) Tntrodluce cylindvrical coordinates

(%,4,2) = (v, ¢, 2)

Conclusfon_z

Ya = Tce)

| € = % 8N e a small pammd-u'

¢.q. R £Soo0orpm
@ > 3000 rpm } € £0.0857
© £ 20°

(S)Y Linearize +he e.qua,h'ohs in &
RWithout Y'c.s‘hm'd\‘vla Re

(6) ITn ¢the fived Step :
neglect +he end effects
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Deviation Y, , Pa

Govern n.ng e.qua,h'ons

.. 1 & 1 Ouy dv, N
. v2 <
Y = D'v,—%— (L + 7,)vg + 274v, =
dpa 1 v, 2 8v¢]

- ar +‘.‘RTG'[D v, — 72—— ?—a-&— ;

Y = D’v¢+7év'v + 2(1 + 7,)v, - 2//,1)2_—_

_19pq | R
"9 T R P

d
z=>Dv’+‘)/¢"2/4’—“£—2r7,+-1%e-D”v;:

(o) linearization in € =b symmelries

(P) hinearigation in Yy
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"INFINITE " CYLINDER

Xd=(°’°3V°) , Pa=0

Voirgde 2& [§0e) cosy +qtrrsing]
wheve
§'+ 2¢'- %’;‘9 -Re'g = -Re-r
Q"+ $8'- %9 *Re'f=o0

0 at =)
$inite b v=0

§,9={

Limi*¥ Re >0

5= ‘%‘ Cr=%3) + O0R>
- 3
q = ,1-:—'3-,_ (2 -3¢+ ¢Sy & O(RM)

Sevies -S-o-r Re £12

Limi+ Re =» 00 :

§=0

asr } + bcuno\.axb\m\.sev neay =\
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Avbﬂ'v‘o«'\i e

- nhumerical Solubion
cspectral medhod with vadial
Chebyshev expansion)d

- analytical sol ubion

V,= 2e [4 cos¢f+g-$:n'~r]

| T, (Gire ¢)
<+ = - !
qif = T, (ViRe)
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AxiaL VELOCITY m

7 0.9 -s-
Re= 149 V,
© Sandia |
2= 0
1 1 1 1 & 1 1 | I —
. X
w
v ~O€g
2 A
1 j 1 | 1 | L | y *
] b
- Va Ocg)

) * v’f‘ sv\f 0(&3)

Figure 5




MOMENTS

oW @ M} s m, (22208in0)(wa) M,
itch M§ = myl22a.81n6)wa) M!‘.\
due to flux of anqular mowmentum

coll 1 M7 =m,(22a8n8)"M, o

due 4o Cociolis force

My = -ngd “,'_)P‘.; £0
Mg=-M, =°j~r‘.§d~r = -Qé% 2o

Limit Re +>0:

_ Re _ Re
Mey="Esc » M= 3¢ (Rel10)

Avalutical :

I, |Re«

S(|)+\§(l)82 V——z I r-'—')
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0CE)Y: despin moment M,

ow{nﬂ +o Coviolis -Sforce,s

2.
NoTE : M, = O(e™)

X Millerr (1982) exp.
O Vvaughn et al. (1985) comp.




Contours of— tqwa.\ owal
,’b“—lod-l-ﬂ

Y (PHI=80)
-
X ( 1s0)
/)
/ s
.
LINS RE= 1.00 LEVELS: 0.0100
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Y (PHI=80)

X (PHI=0)

LINS RE= 10.00 LEVELS: 0.1000
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Y (PHI=80)

X (PHI=0)

LINS RE= 1000.00 LEVELS: 0.2000
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OCE®) VELOCITIES V¢ ,Ve

ocer:
Vor 200 €[ § cosy +§,6ne ]
O(el):
Vg wa€'lfy + §,0082¢ +fgsin2y]
Ves wag' [ fccos2y + £p8in2¢]

fn=f¢rr: o.de.

o {4 : aperodic
eftect on moment M,

= fa - -zfg

v" =-e\/i"f=”

&
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OCe?) DESPIN MOMENT M 2

Ocg) :

Oit) o)
Ma =k [fCr=(28xV,k)gdR
R
Oceh: ho ek&nge.
/
M= f[ v« Ceplylds
s
)
Vi ,OCE%)
= M’ -M
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EXiSTING CODES

Natural variables Ve,V V3, P

Vaughn , Oberkampt & Nolfe (14£3,1985)

$inite differences 1 x2ux 21

10'-10% $'me Steps
22 176 data,

o-u4® mwn Cray 18

Re & t00

Strikwerda & Nagel €19€¢)
$inite olitrerences in v, 2
pseudospectral i ¢
line SOR

Rosenblat,Gocding & Engleman (1944)

£inite elements
Re £ 1000

A\l codles have m.amL: +Hie sAML
Performance:
€-12 hes /8olution o VAX €00
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NAVIER - STOKES SOLVER

e deviation from sol\'d-bod5 votation
's governedl by a. small parameter

- good opproximation from linear
equotions

—> $ew Fourier mooles in ¢

o low Reynolole number range

- $ew Chebyshev mooles in v 2

e Spechval collocation method:

L M N 2
Ve 2 Z X a’&mn ‘Rctﬁ ém(of) ZnC'i)

¢z mu) N\

Similae foe Ve 1Yo, P

= Symmetries are exploited

- bou!ﬂdag condtions imph’d‘“g
Satisfied by expansion functions

— .\V\'\'QY‘;QT‘ C s'\ne,) ca“oca.\-{ovs po§n+s
+0 o.voiol cCorner pceblem anel
Spuricus pressuvre +evms
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SPECTRAL CODE

4 notuvraol vaviobles

linear L
> o] muu'} o.\acbmc Eystem

OS- o\smwS\o\n 4uL‘M*N
Gouss eliminotion +
modified Newtor vrevration

Tap:ca“: L=MsN=S 4L ILMN = S00

® 'Ra.P'.d convergence (Newton)
e Rapid convergence wm e, 2
e Sem:- a.na,lﬂ-lv.‘ca.l solubion
Small data volume
o Extemsions
si-o.bilil-j ama.lasts
uns{-w.dj rroblems

e Apollo DNB0o (Cray!S /2000)

5§-5-5 (500) 90 min
h-3-4 (192) m I min
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ANALYS S OF LIGQU'D MOMENTS

¢ quoa.si- steady motion

Ay Navier-Stokes , 3D, nonhinear

Re £ 1000, 5 -¢0 sec/solution
Herberta Li (spectval cocle )

for engineering cesign !

) Boundary layer approximation
Re 21000, 2

Muvphg

C) Periuvrbation gxpans:on "

e-%s:ne (\arge c/a =v)

all Re , 0.05 sec /solution
Herbert & L

D) Spatial eigenfunchion expansion
(linearized , M. (M,) only )
Re & \000 | 10 - 1800 sec/solution
Hall | Sedney | Gecber




CONCLUSIONS

o cesults agree at Re =1000
to within o few percent

* linearization in &= %’S\ﬂe
Couses swmall error

® time per solution is acceptable

e +time per {\:ak* s mulation
'S considerable (1000 solutions)

can we oo better ?
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E;ﬂw%uwcv\-\ on expans.ion
Governing Equations
e Navier-Stokes equations

¢ Nutating (aeroballistic) coordinates

) ) : Q .
e Linearized in £ = —sin0

Q)

V:-v=0
-—a—v+2‘c><v+Vp ———1—-V2v= - 2rt,e
aq) d Re r<k

where
2 2
V2= __a___+li+_1__i+a_
ort ror 299> 922
T, = — Q—sinecos
oo
a 1 Q. Os;
T= (T, 1 +71,), 1 T = Esm sind
T, = —g'):'COSe
O
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o Take the curl V x of the momentum equations
e Take the curl V X of the resulting equations

Apply ( o _ 1 V?) to the resulting equations
00  Re

02 2 3y 1 9%
———V _1 76 2V Y _
8(1)2 vV — Re 8(1) Viv + 22 V +4(1 +1,) 2

¢ Introduce Fourier series for v

V= i V. (r, z)en?
n ’

n =-—o0

o For the moments, we need only 7, {, ¥ 49

9%V
V25, + 2Lyt ———-V6“ —4(1 +1,)—= 0

Re Re? 0z




Scaled Equations and Boundary Conditions

e Introduce v, = v,
F=qr, zZ=qz

g*= iRe , g =(1+iNRe/2,
compler, large ?
X 2 2
szi_z_+l J _ L +_a_2
oF FOF 0z

e Governing equation for v,

- s " o2y
Vzvz - 2‘74vZ + V6vz —4(1 + 1,)? a~; =0
Z

S;ng\e Sixth - ovder PDE
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Boundary conditions at the ends:

v, =0




¢ Boundary conditions at the wall:
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SPATIAL EIGENFUNCTIONS

Assume vy = WEHF) FeE)
V'W-8BWe=o
+hen W.(?)-I‘(@?')

F) » £ ¢ cos a2

vl

'S a solution of +he PO E £ a. are voots of

of - at(3B-2)+alLZB - 4B +1- 41470
-(8%.282+8B) 0

The end-wall conditions are satistied if

(o.}- o.';_)( 2B-I -a.f-a.: ) a. tan(a,qn) a.;\a.n CYCT )
+(al-ag )(28-1-a5-0y ) 210N (a,9) Agtan (aggqn)
*+ (a5-a}) (2B -1-03- &) agtan (agqn) &tan (a.qn)

=0

anol +wo of Hie c; are properly chosen
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Reots Bray , °,. g (2o TE

29%
Re = 2

o

| | 1 i ) 1 ] i j:yv‘j_t' ! 1 1 1 I | -
i 1 Feo,, ' XN ceu,

o'm““
isolated voots aso0: Bso,:,!

0-: = a.; teal
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SERIES SOLUTION FOR Vv,

N 3
et & & A w

~
nay mnul am nm“') Fv.\

Wam = Ic(vﬁ—:\x?)

Determine Anm ffom bOMndaﬁﬁ
conditions onthe side wall ¥ = q

~
m<Z)

1) by collocation method

2) by least squavres
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Dimensionless Moment Mx

CONVERGENCE

0.09

0.08

0.07

C.06

0.05

0.04

Re=20.,Et0=4.36842,Tau=0.16667,Theta=20.

1

1

least squares

.....
-----

Ill \ .
. collocation

t < * 4
3 L S 6

correct digrts

date: 11/10/88

| A | 1 { 1

40 80 120
Number of Eigenfunctions
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Complete Fill: Roll moment vs. Aspect ratio
6 = 2, T = 0.083333

up +vo 2S000
’

0.020+ Re=10,0C0
-~ -t Re= 1,000
K-
3
3
N

Aspect ratio, 7
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CONCLUSIONS

Thwe PDE for V,, is a good bas:is for
more ethicient moment caleulation

knowledge of the analytical structure
of vz| vreplaces +vlal-and-error
o.pproa.ch

Spatial eigenfunchions in 2 are an
alternotiveto HSG (in +)

Results of eigentunchion expansion
aqree with spectral NS results at
small € (lincoarization )

Both methods work easily at Re=loo
Roots calewlated uph Re = 10°¢

Soluthons Caleulateal up to
Ke = 25 (oT.Yo



MOMENTS

® Sucface approach (standavol ):
f§ stresses on ins,de wall |
S pressure t
velocity gradients

difterence of lavge mumbers

@ Volume a.loproa.ch:

§if coriclis +eems in the fluiol
v Rosenblat’s relations

axial B azimuthal velocities

For aiven ficlds  Hhe volume approach
provides more accuvratle moments

With +he volume approach , estimates
ot the momente can be obtained
from the analytical results
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CALCULATI\ON OF MOMENTS

0 a .
Let virerrs & xncv,zse.'"?

NEB«00

then we need only

Vz. (e 2y | V'-Po"'"')

‘_—v_—'
Small ;ﬁecf
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o | L 1 A 1 1 | . A |

0.4 1. 2 1.8

Resonance with inerhial waves
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FLIGHT INSTABILITIES

e WResonance wWith ynertial waves
C high Reywolels number )

o Viscous Secondlavy Llow
Cwmedium Reynolols number)

FLIGHT SIMULATION :
Va.uskn 5 Nolfe) Obevhc\.mpf 19&8$

Shell dateo

aerooiynamic data (+able)
C Poygiocosl dota,

l\'qu\'o\ moments (table)
lovunch data,

;wl'e.svwh‘on Zo-1008, Atz2.165
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Ex BRIMENTAL STUDIES

Goal : Show feasibility of flow
visualizations in a pmpu"&
Scoleol mootel

Restrictions: low cost (¢ § So0)
use available qu;pmm"’
utilize "dom‘o' lobor

=> Senior Student Progject:
David Pierpont
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Mean
NSY_5 / NSY_A{ Velocity Field - Type 0

Re= 20.000 Cut at Phi= 0
Theta=  20.000 Scale: 0.00200

Tay= 0.1667 Points: 6 radial
Lambda= 4.3680 5 azimuthal

B axial

107










110




y (Phi=90)

NSY_5 / NSY_1 Velocity Field - Type ©

Re= 20.000 Cut at z~ 0.000

Theta= 20,000 Scales ——— 0.00300

Tays= 0.1667 Points: 6 radial

Lambda= 4.3680 5 azimuthal
8 oxisl
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y (Phi=90)

X (Phi=0)

NSS (Sym.) Mean Velocity Field
Re= 14.950 cut at z-(Z,800)
Theta= 20.000 Scale; ——— 0.00250
Taye 0.1667 Points: 5 radisl
Lambda= 4,3684 5 azimuthal
5 axial
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NSY_5 / NSY_1 Velocity Field - Type 0

Res 300.000 Cut at Phi= 90

Theta= 20.000 Scale: 0.20000

Tau= 0.1667 Points: 6 radial

Lambda= 4.3680 5 azimuthal
8 axial
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NSY_5 / NSY_1 Velocity Field - Type 0

Re= 300.000 Cut at Phi= 0

Theta=  20.000 Scale:. —— 90.05000

Tau= 0.1667 Points: 6 radial

Lambda= 4 3680 5 azimuthal
8 axial
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NSY_5 / NSY_1 Pressure Field - Type 0

300.000 Cut at Phi= 0

20.000 Levels: 0.00500

0.1667 Points: 6 radial

4.3680 5 azimuthal
B axial

115




Miller 19€2

Tota|
NSY_5 / NSY_1 Pressure Field - Type 0 ’
Rags 300.000 Cut at Phi= 0
Theta= 20.000 Levels: 0.04000
Tau= 0.4667 Points: 6 radial
Lambda= 4.3680 5 azimuthal

8 axisl
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R P _nany and .Coning Cgli;\der _
4,368 tauz0.16667 theta=20.0 Re=20,0 .
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Qr = a(l -7)Q
+aUs(H +b)27R

If Q, = aQ,

Us=~Q/(H + b)27R

SMALL PARTICLES ~Q

aj
._—:O'

as '
% OUT OF SLOT =1-~(1 —0c?)

% REMAINING =~(1-0? .
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VERTICAL B. L. SCALE ~ (v/QHHY3H
~ E1/3H

ENTRY LENGTH ~ d*Q/4v
Ry~ EY3 N. L. EFFECTS
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CLSM FOR RE = 1 000 000, C/A = 4,291, F = |, ¢=0
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NUMERICAL STUDY OF UNSTEADY 3D FLOWS
IN A SPINNING AND NUTATING CYLINDER

R. LI & TH. HERBERT

RESEARCH FUNDED BY CRDEC

DEPARTMENT OF MECHANICAL ENGINEERING
THE OHIO STATE UNIVERSITY
COLUMBUS, OHIO

APRIL 1991
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PREVIOUS WORK: STEADY STATE ONLY

* FDM (USE ARTIFICIAL COMPRESSIBILITY)
VAUGH, OBERKAMPF & WOLFE (1985, JFM)

*FDMIN R & Z, FOURIER METHOD IN ¢.
- STRIKWERDA & NAGEL (1988, J. COMPUT. PHYS)

* SCM (SPECTRAL COLLOCATION METHOD)
HERBERT & LI (1990, J. AIAA)
PRESENT WORK: UNSTEADY (SPIN-DOWN)
Q AND 6 ARE FIXED, WHILE w(¢) IS GIVEN,

@

Z

Fig. 1 A sketch of a nutating and spinning cylinder. The frame (x—y—z) is rotating
with respect to the fixed frame (XY -Z) with the angular velocity Q.
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VELOCITY-VORTICITY FORMULATION

%0 F(VV)0 =(OV)V +VW30 +2Q VV -2Q (1)
V2V =Vx O 2

v : KINETIC VISCOSITY

Q : ANGULAR VELOCITY OF NUTATION
V : VELOCITY

O : VORTICITY (0O = -VxV)

REFERENCE QUANTITIES FOR NONDIMENSIONALIZATION:
RADIUS a, DENSITY p, AND @,

NUMERICAL METHOD

* FDM IN R & Z (UNIFORM GRID: 20 PTS IN R: 40 PTS IN
Z),

* FOURIER METHOD IN ¢ (6 FOURIER MODES);

* VISCOUS TERMS - MULTISTEP IMPLICIT;

* CONVECTIVE TERMS - MULTISTEP EXPLICIT;

* 2ND ORDER ACCURACY IN SPACE & TIME;

* ITERATION: LINE GAUSS-SEIDEL RELAXATION
WITH ZEBRA PATTERN (VECTORIZATION).
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CALCULATION OF MOMENTS :
VOLUME INTEGRAL
SURFACE INTEGRAL

VOLUME INTEGRAL APPROACH

e DV ., _9d
M._jrx Dtdv aJ+QxJ (3)

IF WE DECOMPOSE THE VELOCITY FIELD INTO
V=V +Ve¢ (4)
V' : RIGID BODY MOTION; V¢ : DEVIATION.
THEN |

J=J + ) (5)
WHERE
I =A%, A%, Af) 6)
INTEGRALS (DIMENSIONLESS)
13 = der cos¢rdrd ¢dz (7)
23 = der31n¢rdrd¢dz (8)
Ad, = —jv r2drd ddz (%)

(INDEED, ONLY NEED FUNDAMENTAL OF Vzd AND DISTOR-
TION OF THE MEAN OF Vg).
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DIMENSIONLESS COMPONENTS OF MOMENT

M, =2A%, + 2eA%,/ tan6 (10)
M, = - 245 +2e(A%, + A%, /tan8) (11)
M, =249, +nmo()  +2eA; (12)

M, =M, + (1N + €2T]1t(—%1’]2 + %)/tane (13)

PARAMETERS: € = Qsinb/w,,,, M =c/a (ASPECT RATIO)

WHERE
(1) COMPONENTS DUE TO THE UNSTEADINESS OF RELA-
TIVE MOTION (THE TERM -a%-J)

RIGID BODY: ( 0, 0, nra(z ))

DEVIATION: (4%, -24%, 24%)

(2) COMPONENTS DUE TO THE CORIOLIS ACCELERATION
RIGID BODY: ( 0, ewimr, 0 )
DEVIATION: ( 2¢A%,/ tan8, 2e(A%, + A% /tanB), 2e49;)

(3) COMPONENTS DUE TO THE CENTRIPETAL ACCELERA-
TION

RIGID BODY: (0, eznn(--—g-nz-i-—;-)/tan(:), 0 )
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RESULTS AND DISCUSSIONS
(1) CALCULATION OF STEADY STATES
- * START FROM RIGID BODY MOTION

* COMPARE WITH SCM (5 FOURIER MODES in ¢,
5 CHEBYSHEV POLYNOMIALS IN RADIUS,
5 CHEL .SHEV POLYNOMIALS IN HALF LENGTH.)

* Q =500 RPM, w = 3000 RPM, 6 = 20 DEG, o,y = o,
N =cla = 4368, Re = a’wiv.

* 0.3 TO 2 MINUTES IN CRAY Y-MP FOR Re < 200.

Steady State (FDM and SCM)

MZ
o
o

1

+
"
]
=

10 20 30 40 50- 60
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(2) SPIN-DOWN OF 60 KCS FLUID

* Q = 500 RPM, 6 = 20 DEG, 1 = 4.4955.
mref - ZQ = 1000 RPM

"INSTANTANEOUS REYNOLDS NO." : Re = a2a(t)/v. i

Time History for 60KCS Fluid

~J
(@
o
o

-

3000
2000
1000 -
L | B | | .“'1"“ |
0 ) 10 15 20 25 30 35

time (sec)

(A) CALCULATE STEADY STATES AT DIFFERENT SPIN
RATE.

(B) START FROM STEADY STATE AT ¢ =0, USE THE
GIVEN o{t) AS TIME-DEPENDENT BOUNDARY, RUN THE
"QUASI-STEADY" SPIN-DOWN.

*TIME ¢« =0 TO ¢t = 3000

At = 0.02, 150,000 TIMESTEP, 5 HRS. IN CRAY.
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EXAMPLE FOR STEP (A): STEADY STATE AT o = 6800 RPM
A, : FUNDAMENTAL OF V4r = 0.5,z =0, ¢ = 0)
Ag : DISTORTION OF MEAN FLOW OF V§(r =0.5,z =0, ¢ = 0)

“ime History for »=6800

0.20
0.18 | .
0.16 |-
0.14 -
0.12
0.10
0.08
0.06
0.04
0.02

0.00 .
0.0 1.0 2.0 3.0 4.0

Amplitudes

FLUID DEVELOPS FROM RIGID BODY MOTION TO STEADY
STATE RAPIDLY. g
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THE INTEGRALS OF UNSTEADY ("QUASI-STEADY") ARE
THE SAME AS THOSE OF STEADY STATE.

CONCLUSION : THE UNSTEADY FLOW FIELD ADAPTS VERY
QUICKLY TO THE SLOWLY CHANGING BOUNDARY CONDI-
TIONS.

Tirne History for 60KCS Fluid
12

1.0- —— Unsteady
g Steady

0.8

0.6

integrals

0.4

0.2

0.0

_0.2 1 1 i 1 1 [ - 1

0 2000 4000 6000 8000
spinning rate (rpm)
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M, and M, OF UNSTEADY ('"QUASI-STEADY") ARE THE
SAME AS THOSE OF STEADY STATE.

M, OF UNSTEADY ("QUASI-STEADY") IS BELOW THAT OF

STEADY STATE.

Steady and Unsteady Cases for 60KCS Fluid
1.2 .

1.0+ —— Unsteady
o Steady

0.8}

o
(0}
T

0.4

moment components

0.2F

o.o
-_0.2 | | | 1 [} | 1
0 5 10 15 20 25 30 35 40
Re
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THE CONTRIBUTION OF TIME DERIVATIVES OF INTEGRALS
OF UNSTEADY ("QUASI-STEADY") TO THE MOMENT COM-
PONENTS ARE NEGLIGIBLE.

THE CHANGE OF SPIN RATE, &(¢), HAS CERTAIN EFFECT
ON THE RESULTS OF M, (NOTE: nrw(t) REPRESENTS THE
UNSTEADY RIGID BODY MOTION).

2h,, 2A,, 2Ap,

]

0.00

-0.02

-0.04

-0.06

time derivatives

24 |,

0.0000
~0.0002 2
-0.0004 2A 54

-0.0006

i

time derivatives

-0.0008




(3) SPIN-DOWN OF 10 KCS FLUID
SIMILAR RESULTS TO 60 KCS FLUID.

For 10KCS Fluid
0.40 :

— Unsteady + Experiment

0.35r 4 Steady

0.25F o

s 0.20

0.15

1

T

0.10

0.05}

OOO | 1 | 1 | {
0 20 40 60 80 100 120 140




SUMMARTY

(1) FOR MOMENT M = %J + Q x J, THE VISCOUS FLOW
HAS LITTLE EFFECTS TO THE TERM %J, BUT IMPORTANT

CONTRIBUTION TO THE TERM RELATED TO CORIOLIS
ACCELERATION WHICH IS INCLUDED IN THE TERM Q x J.

(2) THE MOMENTS OBTAINED FROM THE. "QUASI-
STEADY" SPIN-DOWN EXPERIMENTS CAN BE REGARDED
AS THOSE FOR STEADY STATES IF THEY ARE CORRECTED
BY TAKING THE UNSTEADY RIGID BODY MOTION (THE
TERM nra(t)) INTO ACCOUNT.

(3) FOR STEADY FLOW, M, =—M,_sin® + M,cos = 0
BUT FOR UNSTEADY FLOW,

M; = -MZin6 + MZcos® = ~2(A ‘21:, sin@ — A"fz cos0) + Ama(t)cosd

(4) THE FORMULA OF MOMENT CAN BE EASILY
EXTENDED TO THE UNSTEADY CASE THAT BOTH Q AND
ARE CHANGING WHILE 6 IS FIXED (FOR EXAMPLE, "SPIN-
UP").




Modelling Non-Newtenian Behavior

R.Li
o BN ~. .. 0ata
4 — — N OMITICAL MEMIAT
------ THUORETICAL MOSLNSLAT
o O  LXPEMMMOMTAL (WEBLA & MaLLA|
@
4r on.oo
S & ° o Jg 8o
:-6 b 3 oo o o
o o /%-:8
g ° =T
Z 0 - )
w = o © / . )
é$ 2 0 ° Qp B}
o / ° o
og o, o
o .’ o
o
g&/ o¢
o_-
) 1 2 3

Obvious non—Newtonian behavior Jor high viscosiy
Silicone 200 fluids (for example, ¥ =60 kes)

S. Rosenblat et al. (1986
Analytical work  perturbation method)
Numerical Studies (FEM)

No measured data from experiments available.




R. P. Tytus (1989, CROEC)

measured Silicone 200 fluids
used the formula of diffevential model derived by

Rosenblat to coleculate the despin momedt — good

agreement (was not achieved.

differentis) nodel

I

GENERALIZ2ED
DESPIN MUMENT

Droblem :  two terms are missing in Posenblat’s

Sormula.

The covrected Jormula seems betfer Hor loo kes..

Futuve wovk : 1. Check other high viscosities;
2. 3=D numericad Studies
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For 100KCS Fluid Q=500 rpm

0.7
0.6} A
o Newtonian ° &
05+ o Corrected
» Rosenblat
+ Experiment A
n 3D Steady .
a & &
04r ++*+++1+++* + o,
L9 o 5
~N Q O
+ 0
_ o)
0.3 o ©
+ o © 8 8 8 o o o @
. o [ O
¢ o
+ o N0
02} +(2 o G
* 0
+ 0
é G
Ol B ++\C}J
0.0 L ' : ' ' |
0 2000 1000 6HOGO $000

Spin rate (rpm)
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USA-IN3 Result

Vortex Shedding Behind a Sphere (Rep = 2000)

r=17758

5.0
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2.6

1.4

0.2

30

T =79 54

1.8

-3.0

1.4 2.8 ls .0

0.2

30

-30
-1.0
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Motion of two Immiscible Fluids
in a Spinning and Coning Cylinder

Mohamed Selmi

Department of Mechanical Engineering
The Ohio State University

Supported by
CRDEC & OSC (CRAY YMP/864)

Workshop on Problems of Rotating Fluids
AHPCRC Minneapolis, Minnesota
April 22-23, 1991
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Description of Geometry
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1+
0
1

0.0 0.6

x (¢=0)
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Nomenclature sketch

201




GOVERNING EQUATIONS

(x,y,2) or (r,0,2)

ll))‘t/ +2QAXV+QX(QXr) :—-El)-VP +vV2V

V-V=0

REFERENCE QUANTITIES

Length: a
Velocity: wa
Pressure: P w’a?

Time 0
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NON-DIMENSIONAL PARAMETERS

Aspect ratio n= L
a
: Q
Coning frequency : T= .
Nutation angle : 0
- wa?
Inner-fluid Reynolds No: Re = v
0
- wa’
Outer-fluid Reynolds No: Re = v
i
: . P
Density ratio 2
P1
V
Fill ratio L_ 1_,6
‘/7

Fill radius o
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FLOW DECOMPOSITION

V=V'+V4, P = —-;—(1 +1,)2r¢+p" +p¢

Vr=ré¢

[r2Q1 +rz)2+rzt§+2282—2r z1,7,]

N | =

T, =TcosO, €=71sind




Complete Fill: Roll moment vs. Reynolds Number
n = 4368, 6 = 20, T = 0.16667

0.040
0.035} —— Eigenfunction Exp.
0.030 - + 3D-Spectral Code
“”; 0.025 F » Rosenblat et al.
‘:%0.020 _  Exp. data of Miller
N 0.015} |
p-
0.010 |
D.005F
0.000 e 1 1

10-3 10! 10! 103
Reynolds number, Re
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Complete Fill: Pitch moment vs. Reynolds Number
n = 4.368, § = 20, 7 = 0.16667

0.25
0.20 I — Eigenfunction Exp.
o + 3SD—Spectral Code
N; 0.15F » Rosenblat et al.
>
~ 0.10
=
0.05
0.00 ot
1073 107" 10! 103

Reynolds number, Re




Complete Fill: Roll moment vs. Aspect ratio
6 =2, T = 0.083333

0.020} Re=10,000
5 | . Re= 1,000
‘s 0.015}

(3]
3
=
0.005 }
0.000 } —g)
1

Aspect ratio, 7




Two Fluids: Roll moment ratio vs. Fill ratio
n =45 6 =1, 7 = 0.008
Reg = 25, Re, = 104

P e N — Y
N AW

QO -
©w o -

0.8

M.(2 fluids)/M,(1 fluid)

0.00 0.04 0.08 0.12 0.16 0.20

v,V
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Two Flulds: Roll moment ratio vs. Fill ratio
R n =450 = 1, v = 0.008
Re, = 25, Re, = 104

Po /Py= 0.20

M(2 fluids)/M,(1 fluid)
OO0 = N L b 00 OO NN 0

1.0
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Two Fluids: Roll moment vs. Fill ratio
n =450 =1, v = 0.008
Reg = 25, Re, = 104

1.2
‘s 1.0}
= — Two—Fluid Solution
,5 0.8+ (po/Py=0.001)
S 06k » Void=Fluid Sclution
:u
=) 0.4
~
' 0.2
O | |

0O

0.8 1.0




Twe Fluids:

Roll momaent ratio vs. Fill ratio
=1, 7 = 0.008

n = 45, 60

Re; = 25, Re =104, p,/p, = 0.98
1.3
3 1.2} —o—o—o_ Re, = 1000
R —4—a—u Re, = 10000
:N
1.0
;f 0.9F
2 0.8}
S o7k
=> .
0.6 1 L i i L 1
0.00 0.04 0.08 0.12
v,/V

211

0.16



Complate Fill: Roll moment vs. Reynolds Number
n = 4.5, 8 = 20, T = 0.16667 ,

2a%)
o o
O O
NN
o O
L

OOOO ERUHII O T I O 0 O S T O O O O 1 I I S N BT T s T E R Y

10~} 100 107 102 103 104
Reynolds number, Re




Two Fluids: Roll moment vs. inner—fluid Reynolds Number

n = 4.5, § = 20, T = 0.16667, Re, = 19250
po/py = 0.98
0.05
— V,/V = 0%
0.04
o
o 0.03F
[=]
%o.oz -
=
0.01+
OOO 11 NI Rl L Ll ]
10! 109 10! 102 103 104

Reynolds number, Re,
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Two Fluids: Pitch moment vs. Inner—fluid Reynolds Number
n = 45,8 = 20, T = 0.16667, Re, = 19250
po/Py = 0.98

0.25

0.20

0.15

pow?as)

< 0.10

0.05

0°00 L Lt iih IR e BRI el
10~ 100 101 102 103 104
Reynolds number, Re,




Partial Fill; Roll moment vs. Fill radius

N n =435, 8§ = 20, T = 0.08674

0.0 0.2 0.4 0.6 0.8 1.0
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Partial Fill: Roll moment vs. Fill radius

n = 4.5, § = 20, T = 0.08674

0.6
5 0.5}
[ =
G 0.4}
> | Re = SO
;,;5 0.3F 25
o~
<€ 0.2F zzz
} 1000
0.1 8%
0-0 1 ] 1 |
0.0 0.2 0.4 0.6 0.8 1.0
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Central Rod: Roll moment vs. Fill radius
n = 45, 8 = 20, t = 0.08674




Central Rod:

o
o

Roll moment vs. Fill radius
n = 4.5, 8 = 20, T = 0.08674

M, /[02a2(pV)sinJ]
(@] (@] o
o &

©

o .
o

0.0




Roll moment vs. Fill radius

Re = 104, n =2,06=2, 7= 0.1111

1.0
—— Cylinder with a central rod
© ogk e Partially filled cylinder
N
£ f
4]
< 0.6
N
(o]
& 0.4 ,
&
N !
2"“ 0.2+ \
2 O\ i AL
0.0 { 1 T 1

o
o

0.2 0.4 0.6 0.8 1.0




Roll moment vs. Fill radius

Re = 104, n = 1.5, 0 = 2, 7 =

0.1111

i

-

——— Cylinder with a central rod
Partially filled cylinder
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INVISCID ANAIYSIS ( PARTIAL FILL)

w=1] E [Akfl(ﬁkr)+Bk Yl(ﬁkr)]’yk COS(Yk Z)
k=0

Vi =(2k +1)%, Br =Y V-1

k+1
)

[tJl(|3k)+Jl'([3k)]Ak+ [t Yl(Bk)+Y1'([5k)]Bk = 2(l+t)(—_—l-——

ny2

i
3 2
t t ,
(1-t2+7)11(l3k’0)+7’011(Bk’o)]f‘k +

5 t3 2

2 k+1
(1~-t Ay ! (1)

)Yl(ﬁkr0)+i4-royl'([3kro)}3k - (l+é+-—)ro -
MYk

2

(1—z2+-t-3-)Y B r )+—t-2- Y,/B tJ (B +JT | -~
L 7 D1Bero)+ o Y (Bero) 1B+, (By)

3 2
L(1_zz.i—-t4—)11([3kro)+-t7r0]1'(ﬁ/<ro)] [f Yl(Bk)'*'Yll(Bk)] =0
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CENTRAL ROD:  Critical fill radius vs. aspect ratio

Coning frequency: 7=0.08674
Nutation angle: 8=20.

1.0 :
k=0 k=1 k=1 k=2 ! k=3
0.8F '
|
: |
: I
'\ '
: \\
1 1
2 3 4 5 6

Aspect ratio 7




PARTIAL FILL: Critical fill radius vs. aspect ratio
Coning frequency: 7=0.08674
Nutation angle: 8=20.

Aspect ratio 7
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PARTIAL FILL: Interface shape (7,=0.2,0.8, ¢=0)
Re = 10000, 7 = 0.08333, n = 3, 8 = 20

3
2t
1}
N Ot
-1F
-2k
-3 P T T
-0.8 0.0 0.8
x (¢=0)
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PARTIAL FILL: Interface shape (7,=0.2,0.8, ¢=0)
Re = 10000, T = 0.08333, n = 3, 0 = 2

3

-0.8 0.0 0.8
x (¢=0)



TWO FLUIDS: Interface shape (r, = 0.84, ¢ = 90)
Rey = 30, Re, = 10000, T = 0.1, = 4.5, § = 20
pPo/py = 0.01

LA Lt ri1t
-1.0 0.0 1.0
y (¢=90) ’
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- TWO FLUIDS: Interface shape (r, = 0.66, ¢ = 90)
Re, = 30, Re; = 10000, 7 = 0.1, n = 4.5, 68 = 20
po/py = 0.001

_4_\
14 1t

-1.0 0.0 1.0
y (¢=90)
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TWO FLUIDS: Interface shape (r, = 0.66, ¢ = 90)
Reo = 30, Re1 = 10000, T = 0.1, n = 4.5, 6 = 2
po/Py = 0.001

Lt L1 1tk
-1.0 0.0 1.0
y (¢=90)
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PROJECTILE, 155 MM,
SMOKE WP, M825
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M825A1 Payloads Tested

A total of 12 different M825Al payload canisters were evaluated during
this study as listed balow:

S

CONFIG. DESCRIPTION CRDEC EMPTY FILLED SIMULANT I (EMPTY)* I (FILLED)w+
NO- NO- Wt.* Wt. wh Wt. Sl\lq-rt. SIUg-Ft.
lbs. 1lbs. 1bs.

1 STDL A #6 23.88 37.01 13.13 . 055000 .064838
2 STD H A #38 24,26 37.33 13.07 .055317 . 065125 »
3 STDL B #45 24.06 37.17 13.11 .055128 .064895
4 STDHB #51 24.16 37.23 13.07 .055200 .065000
S FAT L A #18 24.24 37.36 13.12 .055211 . 065046
6 PAT H A #2 24.32 237.37 13.05 .055291 . 064968
7 FAT L B #57 23.83 36.93 13.10 .0549%930 .064753
8 FAT H B 778 24.10 37.12 13.02 .0551239 .064858
9 FAT P A SHEET #1 24.81 37.35 12.54 .055863 © .0650%5
10 PAT P A SHEET #2 24.83 37.30 12.47 .055846 .065089
11 FAT P A ROLL A 24.56 37.23 12.67 .055683 .065131
12 FAT P A ROLL #2 24.41 37.23 12.82 .055540 .065030
whera:
STD = Standard radius felt wedges, R=2.46"
FAT = Enlarged radius felt wedgas, R=2,56"
L = Light weight felt wedges, Thickness 0.725"-0.780"
H = Heavy weight felt wvedges, Thickness 0.781"-0.850"
A = Manufacturer A .
B = Manufacturer B
P = Production felt wedges
A SHEET = Manufacturer A felt supplied in sheets
A ROLL = Manufacturer A felt supplied in rolls .
* Canister contains all payload components except WP simulant.
*%* Canister contains all payload components including liquid WP simulant.
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ST R

DESIGMATION R FELY SHEET: CLOTH, FELT, WOOL,

CLASS 1283, .75 THICK
ENLARGED 2.5¢ SPEC C-F-208 e

MNOTE: ALL DIMENSIONS ARE IN INCHES




TABLE 1

Properties of Fluorinert

(Physical Simulant for Liquid White Phosphorus)

Fluorinert® White Phosphorus
(25° C) (43.3° C)
Density 1.73 gra/ml 1.73 gm/ml
L
Viscosity 1.50 CS 1.50 CS
Surface Tension 15.4 dynes/cm 71.6 dynes/cm

NOTE:

Blend of Fluorinert FC40 and FC72, 1 Part FC40 to

0.120 Part 0120 Part FC72 by  volume.

Fluorinert is an electronic fluid manufactured by:
Comunercial Chemical Division/3M, 223-65-04 3M Center,

St, Paul, MN 55144-1000.
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TABLE 2

ZONE A Po, w wy, 0 a, 6
(RPM) (RPM) (DEG) .

4 Transonic 6,000 500 0 through 20




3
1
' FELT FELT  FELT
CONFIG S1ZE WEIGHT SOURCE
1 STD
2 STD
3 STD
2] i 4 STD
O & FAT
I o FAT
- 2 7 7 FAT
8 FAT
¢
T
=
N
}\__.
- i
(8]
=
O 1 w=6000 RPM
= =500 RPM
)
< 1 -
@)
—J
>
<
N ]
UNSTABLE
| STABLE
*
O % T T T
5 10 15 20

CONIMG ANGLE (0) ~ DEG
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PAYLOAD MOMENTS vs CONING ANGLE

> 7]
' FELT FELT  FELT
CONFIG SIZE WEIGHT SOURCE
9 FAT P A (SHEET)
R 10 FAT P A (SHEET)
] 11 FAT P A (ROLL)
83 12 FAT P A (ROLL)
J
l
. —
= 2
e
TN 7
. a.
=
~—
’..- -
Z
L
=
O . w=6000 RPM
p= (=500 RPM
()]
< 1 o 12
O
2
< i 11
a-
UNSTABLE
) STABLE — 9
. "/ 10
0 | ' T ﬁ’ 1

S 10 15 20




Conclusion:

This was the latest in an ongoing test series supporting the M825 Smoke
Round Program. The Frojectile Flight Simulator or "Spinm Fixture" has
been used in the development of the M825 Smoke Round and in evaluating
sample units from production runs for consistency in materials and
manufacturing process. It has been a valuable tool for both practical
and research programs.
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INTRODUCTION

Highly viscous liquid fills (e.g. 100K CS) can
cause flight instabilities.

Small amounts of low viscosity fluids (e.g. 5%
water) added to the high viscosity liquid can
eliminate instabilities.

Drawbacks to additive app:. ach:
¢ Two fluids must be immiscible.

* Low viscosity additives must have a
greater density than high viscosity fluid.

Smooth canister wall may reduce surface
shear stresses.

¢ Achieve results similar to additive
approach.

e Eliminates drawbacks of additive
approach.




CANISTER CONFIGURATIONS TESTED

e Standard canister c/a = 4.5,
(roughness = 125 to 250 micro inch finish)

* Smooth canister c/a = 4.5,
(roughness = 9 to 17 micro inch finish)

e Smooth canister coated with silicone based
marine wax.

¢ Smooth canister coated with teflon based
marine wax.

e Rough wall canister c/a = 4.57, standard
canister painted with grit filled safety paint.
(roughness = 50,000 micro inch finish)
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TEST CONDITIONS

Fluids
* 10,000 CS Silicone
e 100,000 CS Silicone

e 10,000 CS Silicone + 5% water (Standard
canister only)

e 100,000 CS Silicone + 5% water (Standard
canister only)

Coning Rates
e 300 rpm
e 400 rpm
e 500 rpm

Coning Angle
e 20°
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For a specific coning angle and coning rate:

TEST PROCEDURE

The canister is spunup to = 10,000 rpm as
the coning rate is established at the
predetermined rate.

With the coning rate held constant, the
canister is allowed to spin down.

Canister despin is recorded versus time.

From the despin data, the Total Moment (M)
is calculated, Mt = | w, where | is the axial
moment of inertia of the empty canister.

The liquid moment is found from

ML = M1 — Mg, where Mg, friction moment,
is determined using the same procedure
described above but with no fluid in the
canister, M| = 0.
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CONCLUSIONS

For typical artillery shell flight conditions (Q = 500 rpm, w = v
6000 rpm) the additive approach yielded the best results,
reducing the despin moment by = 50% (ref. Standard
Canister).

10,000 cs Silicone Fluid
For typical artillery shell flight conditions the canister wall
roughness had little or no effect on the despin moment.

100,000 cs Silicone Fluid

For typical artillery shell flight conditions the despin moments
(ref. Standard Canister) for the smooth and rough canister
configurations were decreased = 10%.

lLog(Re’) versus Liquid Payload Coefficient

Re’ > 10: 5% water produced smallest coefficients, standard
and rough canister produced the largest coefficients and the
smooth canisters produced results in-between.

Above 6000 rpm, the rough and smooth teflon waxed
canisters produced a significant decrease in despin moment.
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SUMMARY OF ADDITIVE FLIGHT TEST RESULTS

Fill Additive Initial Yaw Flight Stability
100K CsS No large Catastrophic @ 8 Sec
" Yes " " @ 12 Sec
35K CS No " " @ 13 Sec
" Yes " " @ 22 sec
10K CS No oo, n @ 29 Sec
" Yes " Stable Flight
100K CS No Small Catastrophic ¢ 28 Sec
" Yes " Stable Flight (Limit at end)
35K CS No " Stable Flight (Limit at end)
" Yes " Stable Flight
10K CS8 No " Stable Flight (Limit at end)
n Yes " Stable Flight
100K CS8 No Large Catastrophic @ 8 Sec
(50% Full)
" No Small Catastrophic @ 21 Sec
100K C8 No Large Stable Flight
(Viscoelastic)
" No Small Stable Flight

Note: Zone 4 Charge, 850 mils (47.5 deg.) QE, 5000 ft ground elevation,
M825 projectiles with standard, two piece base, large yaw = 10-12
deg., small yaw = 2 degq.
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CONCLUSIONS

GOOD AGREEMENT BETWEEN THEORY, LABORATORY EXPERIMENTS
AND FLIGHT TESTS FOR VISCOELASTIC LIQUID-FILL.

GOOD AGREEMENT BETWEEN THEORY, LABORATORY EXPERIMENTS
AND FLIGHT TESTS FOR PARTIAL-FILL CONDITION.

LOW VISCOSITY, IMMISCIBLE LIQUID ADDITIVE ALWAYS
REDUCES DESTABILIZING LIQUID MOMENT.

ADDITIVE PRODUCED STABLE FLIGHTS FOR ALL LIQUID-FILL
VISCOSITIES TESTED UNDER NORMAL LAUNCH CONDITIONS.

ADDITIVE PRODUCED STABLE FLIGHTS FOR ONLY THE LOWEST
LIQUID-FILL V1SCOSITY TESTED UNDER INDUCED YAW
LAUNCH CONDITIONS.

POSSIBLE REASON FOR DIFFERENCES BETWEEN LABORATORY
PREDICTIONS AND FLIGHT FOR ADDITIVE.

- Transient effects during firing may have delayed
distribution of additive to side wall of container.

- May require increased amount of additive (10%-15%)
rather than 5% used in these tests.
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Summary of New Directions for
Liquid-Filled Projectile Studies

*NOTE: The following items were suggested and agreed upon by
those in attendance at the Workshop. They have not been put
under any specific category nor have they been prioritized.

Coordinate efforts between ARO, BRL and CRDEC concerning data,
terms and comparison of results.

Concerned about achieving better agreement between experimental
and theoretical results.

Investigate heavier immiscible, low viscosity additives (i.e.,
salt water) to improve transient distribution for reducing
viscous liquid-fill instabilities.

Explain linear and non-linear effects.

Conduct bifurcation studies.

Determine density of felt wedges when saturated with white
phosphorus.

Conduct additional yaw sonde instrumented flight tests of
liquid-filled projectiles.

Perform internal flow visualization studies in laboratory.

Investigate experimentally, the effect of non-cylindrical
containers (i.e., cylinders with endcaps that are ellipsoidal,
conical, etc.) for highly viscous liquids.

Evaluate longitudinal baffles to reduce destabilizing moment
due to highly viscous liquid-fills.

Analyze transient effects of immiscible, low viscosity
additives in reducing instabilities (yaw sonde, spin-up
experiments, theoretical, etc.).

Investigate large despin moment at low spin rates for
viscoelastic fluids.

333




Unsteady and gravity effects at low Reynolds numbers.

Non-linear, unsteady and shape effects at high Reynolds
numbers.

Determine Reynolds number limits for existing codes.
Establish single analytical method for liquid-filled

projectiles that handles entire Reynolds number range (i.e.,
one stop method).

334




"WORKSHOP" RECOMMENDATIONS
(Not Prioritized)

1. Obtain more detailed effects of immiscible additives in
preventing flight instabilities.

2. Study effect of unconventional geometry (i.e., baffles,
internal payload shape, etc) in creating and preventing flight
instabilities.

3. Determine influence of porous media in reducing flight
instabilities.

4. Investigate larger range of visco-elastic fluids related to
flight instabilities.

5. Understand transient effects during launch and flight.
6. Include effect of chemical reactions during flight.

7. Analyze in-flight, mixing phenomena.

8. Evaluate non-linear dynamic factors.

9. Evaluate in-flight thermal effects.

10. Obtain additional laboratory and flight test data to
provide experimental validation of theoretical results.

11. Determine influence of combined internal and external flow
effects on flight stability.




Bl ank
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WORKSHOP ON PROBLEMS OF ROTATING FLUIDS

Program Agenda

Monday, April 22, 1991
8:30 am Welcome Dr. Donald Austin
Executive Director, AHPCRC
8:45 Opening Remarks Dr. Daniel Joseph
Aerospace Engineering & Mechanics, U of MN
9.00 Overview of CRDEC Mr. Mtles Miller
Research Program for Liquid- Chemical Research Development
Filled Projectiles & Engineering Center
9:30 Analysis and Visualization of the flow Dr. Thorwald Herbert
in a Spinning and Nutating Container Ohio State University

(Computer Demonstration)
10:30 Tour of Army High Perfornance Computing Dr. George Sell
Research Center Director, AHPCRC
11:30 LUNCH

1:00 pm Tour of Fluld Dynamics Laboratory Dr. Daniel Joseph
Aerospace Engineering & Mechanics, U of MN
2:30 A Centrifugal Spectrometer Dr. Harvey Greenspan
Massachusetts Institute of Technology
3.00 Moment Exerted by a Viscous Liquid in a Dr. Charles Murphy
Spinning. Coning Container Ballistics Research Laboratory

Tuesday, April 23, 1991

8:30 am

9:00

9:30

10:00

10:30

11:.00

Computational Study of the Unsteady Flow in a Dr. Rthua L{
Spinning and Nutating Cylinder Ohlo State University
Numerical Simulations of Non-Cylindrical Mr. Michael Nusca
Liquid-Filled Containers Ballistics Research Laboratory
Motion of Two Immiscible Fluids Mr. Mohamed Selmt
in a Spinning and Coning Cylinder Ohio State University
Direct Measurement of Liquid Mr. David Hepner
Effects Using a Moment Baiance Ballistics Research Laboratory
Laboratory Flight Stability Mr. John Molnar
Evaluation of Production Chemical Research Development
MB825A1 Payload Canisters & Engineering Center

LUNCH




1:00 pm

1:30

2:00

2:30
3:30

Theory and Experiments for
Rotating Porous Media Flow

Effect of Interior Canister Wall Roughness
on Liquid Despin Moment

Instrumented Flight Tests
Artillery Projectiles with
Selected Liquid-Fills

Wrap-up and Final Remarks

Adjourn
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Dr. Gene Cooper
Ballistics Research Laboratory

Mr. Daniel Weber
Chemical Research Development
& Engineering Center

Mr. Miles Miller
Chemical Research Development
& Engineering Center

All




